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Abstract An azide-functionalized nitronyl nitroxide was synthesized
and its reactivity towards the Staudinger-Bertozzi ligation was ex-
plored. Whereas a model reaction in solution showed the conversion of
nitronyl nitroxide to an imino nitroxide radical, the same reaction at the
interface of gold nanoparticles allowed for successful covalent incorpo-
ration of the nitronyl nitroxide radical onto the nanoparticles.
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Since the discovery of the persistent triphenylmethyl
radical 1 by Gomberg in 1900,% scientists have been in-
trigued by the chemistry of stable radicals. Stable radicals
have found application in a variety of fields® including as
organic magnetic materials,* MRI contrast agents,” and as
the redox-active component of organic radical batteries.®
One of the most well studied classes of stable radicals are
the nitroxide radicals, which include 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO; 2) and the resonance-delocal-

ized nitronyl nitroxides 3 (Figure 1).
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Figure 1 Examples of stable radical species
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Nitronyl nitroxides and nitroxide radicals have been
used for a variety of applications, including in organic syn-
thesis for the abstraction of hydrogen atoms and the oxida-
tion of alcohols and sulfides.” Another interesting applica-
tion of this class of radicals is their use as radical scavenging
agents.® This trait has led to many applications including
scavenging of protein-based radicals,® reactive oxygen and
nitrogen species in the body'® and nitric oxide.!’ One of the
most common uses of this phenomenon is in nitroxide-me-
diated polymerization, which is a common controlled radi-
cal polymerization reaction.!? These radicals are also used
for spin labeling, which involves introducing radicals into
biological systems or macromolecules and monitoring their
location and local environment by using electron paramag-
netic resonance (EPR) spectroscopy, a non-invasive and
non-destructive technique. These radicals specifically are
favored because of their stability in a variety of solvents
and over a wide pH range, and because of the ease with
which they can be synthetically modified for a specific tar-
get.!3 Decoration of nanoparticles and carbonaceous nano-
materials with stable radicals is also an area of significant
interest.!

Given the variety of applications of nitroxide and nitro-
nyl nitroxide radicals, the development of facile methods
for appending these radicals onto different materials (i.e.,
nanoparticles, polymers, biomolecules, etc.) is desirable.!®
Herein, we report the synthesis of an azide-substituted nit-
ronyl nitroxide radical, which benefits from resonance de-
localization and is expected to have enhanced stability rela-
tive to similar azide-TEMPO radicals.!® Furthermore, as a
proof of concept, we explore its interfacial reactivity
through the Staudinger-Bertozzi ligation reaction.
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The 4-(3-azidopropoxy) substituted 1,3-dihydroxy-
4,4 5,5-tetramethyl-2-phenylimidazolidine 4 was synthe-
sized from 4-(3-azidopropoxy)benzaldehyde!” and N,N'-di-
hydroxy-2,3-dimethyl-2,3-butanediamine'® and fully char-
acterized by 'H and '3C NMR spectroscopy (Figures S1 and
S2 in the Supporting Information), mass spectrometry, and
elemental analysis.!® Lead oxide was used to oxidize imid-
azolidine 4 to the azide-functionalized nitronyl nitroxide 5
(Scheme 1). To our knowledge, 5 is the first example of an
azide-functionalized nitronyl nitroxide.
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Scheme 1 Synthesis of azide-functionalized nitronyl nitroxide 5

The structure of radical 5 was confirmed by mass spec-
trometry, elemental analysis, electron paramagnetic reso-
nance (EPR) spectroscopy and by single-crystal X-ray dif-
fraction. The EPR spectrum of 5 showed an isotropic five-
line signal (Figure 2), which is expected for a nitronyl ni-
troxide type radical, and matches well with the simulated
spectrum (Figure S3 in the Supporting Information). This
confirms the presence of a radical in our sample, as well as
proving that the radical is delocalized over two identical ni-
trogen atoms.
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Figure 2 EPR spectrum of azide-substituted nitronyl nitroxide 5 (black)
and azide-substituted imino nitroxide 7 (red) in CH,Cl,. Simulation pa-
rameters for 5: linewidth = 0.09 mT, ay; = 0.760 mT, g = 2.0075; and 7:
linewidth = 0.066 mT, ay; = 0.910 mT, ay, = 0.495 mT, g = 2.0472.
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Single crystals that were suitable for X-ray diffraction
studies were grown by cooling a concentrated pentane
solution of 5.2° The solid-state structure confirmed the ex-
pected connectivity (Figure 3). The C1-N1 and C1-N2 bond
lengths are identical, and fall between the expected bond
lengths for a C-N single and double bond.?' Similarly, the
N1-01 and N2-02 bonds are the same length, and they are
shorter than a typical N-OH bond (Table 1). This data con-
firms radical formation and delocalization.

Figure 3 Solid-state structure of 5; anisotropic displacement ellipsoids
are shown at 50% probability and hydrogen atoms have been omitted
for clarity.

Table 1 Selected Bond Lengths (A) and Angles (°) for Nitrony! Nitrox-
ide 5

01-N1, 02-N2
N1-C1, N2-C1
01-N1-C1, 02-N2-C1

1.279(4), 1.281(4)
1.358(5), 1.351(5)
127.5(3), 126.1(3)
111.9(3), 111.8(3)

125.7(3), 126.4(4)

C2-N1-C1, C3-N2-C1
N1-C1-C8, N2-C1-C8

To explore the reactivity of 5 in the Staudinger-Bertozzi
ligation reaction, we reacted it with the model molecule
methyl-2-(diphenylphosphino)benzoate 6, which was syn-
thesized according to a published method.?? The reaction
was performed by stirring the components overnight in
CH,Cl, (Scheme 2). Interestingly, the major isolated product
was orange rather than the expected dark-blue color of the
azide-substituted nitronyl nitroxide radical 5. This orange
solid, which was isolated in 84% yield, was identified by
mass spectrometry as imino nitroxide 7. The transforma-
tion from nitronyl nitroxides to imino nitroxides has been
shown to be facilitated by triphenylphosphines,?* and re-
sults in the oxidation of triphenylphosphine to triphenyl-
phosphine oxide (Scheme 2).

The EPR spectrum of the orange product was also con-
sistent with the formation of an imino nitroxide radical, as
the loss of symmetry in the molecule results in a seven-line
signal (Figure S4 in the Supporting Information), which is
very different from the five-line signal observed for nitronyl
nitroxides (Figure 2). This experiment demonstrates that
the reaction of nitronyl nitroxide 5 with 6 results mainly in
the formation of imino nitroxide 7 in high yields.
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Scheme 2 Reaction resulting in the formation of imino nitroxide 7
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Interestingly, nitronyl nitroxide 5 showed different re-
activity at the interface of gold nanoparticles. The azide-
functionalized radical (ca. 200 equivalents) was reacted
with nanoparticles displaying interfacial methyl-2-(diphen-
ylphosphino)benzoate moieties (Staudinger-AuNP), which
have been shown to react well with azide (bio)molecular
systems.?* The Staudinger-AuNP contain 0.432 umol methyl-
2-(diphenylphosphino)benzoate per milligram of nanopar-
ticles. These AuNPs have an average nanoparticle raw for-
mula of Au;s00(MeO0-EG3-S)s500(PhsP-EG4-S)500(Ph3P=0-EG4-S),,
assuming that the AuNP are spherical and perfectly mono-
dispersed in size (EG = -CH,CH,0-).2

The reaction between the Staudinger-AuNP and azide-
substituted nitronyl nitroxide radical 5 was carried out by
stirring the mixture in CH,CI, for 48 h. Subsequently, the
excess radical was removed by settling the nanoparticles
through centrifugation (6000 rpm, 10 min) and removing
the mother liquor, using CH,Cl,-hexanes (1:6) as solvent.
The particles, presumably due to the presence of the inter-
facial stable organic radical, lost their solubility in polar or-
ganic solvents. The remaining traces of 5 were removed by
forming a film of AuNP inside a round-bottom flask and
then rinsing it with hexanes followed by 95% ethanol. The
cleaning procedure was monitored by IR spectroscopy,
which was used to follow the disappearance of the azide
peak of unreacted 5 at 2100 cm~! (Figure S5 in the Support-
ing Information).

The purified radical-functionalized AuNP were first
studied by transmission electron microscopy (TEM) to veri-
fy that the reaction with the radicals had not changed the
size or shape of the nanoparticles. TEM images of the start-
ing material, before reaction with the radical, showed that
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Staudinger-AuNP (3.6 + 1.4 nm) self-assemble into islands.
After the Staudinger-Bertozzi ligation with the azide-sub-
stituted nitronyl nitroxide radical, TEM images showed that
the AuNPs retain the same size (3.1 + 0.8 nm) and shape
(Figure 4). The same images also show that the nanoparti-
cles were well dispersed after the interfacial reaction. The
tendency of the Staudinger-AuNP to form self-assemblies
that disassemble upon reaction with azides is consistent
with a previous report.?*
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Figure 4 TEM images of (a) Staudinger-Bertozzi ligation particles and
(b) radical-substituted gold nanoparticles (scale bars = 100 nm)

The EPR spectrum of the radical-functionalized AuNP
showed a very similar pattern to that of unreacted radical 5,
a slightly anisotropic five-line signal (Figure 5), and is con-
sistent with the simulated spectrum (Figure S6 in the Sup-
porting Information). The anisotropy is likely derived from
the fact that the radicals are unable to tumble freely in solu-
tion when appended to the nanoparticle. This result veri-
fied that the nitronyl nitroxide radical remains intact
throughout the interfacial reaction with the nanoparticles,
and covalently attached imino nitroxide radicals are not
present. This difference in reactivity from solution is likely
due to the difference in steric hindrance between the mo-
lecular system and the nanoparticles. The methyl-2-(di-
phenylphosphino)benzoate moieties appended to the
nanoparticles are much more sterically hindered, and thus
approach by the linear azide may be favored.

333 334 335 336 337 338 339 340 341
Magnetic Field (mT)

Figure 5 EPR spectra of radical-functionalized AuNPs (blue) and azide-
functionalized nitronyl nitroxide 5 (black) in CH,Cl,. Simulation parame-
ters for radical-functionalized AuNPs: linewidth = 0.16 mT, ay; = 0.770 mT,
g=2.0068.
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EPR spectroscopy was used to estimate the number of
radicals present on the nanoparticles. By comparing the in-
tensity of the EPR signal of the AuNP-radical sample with
the intensity of a standard (TEMPO) solution, the number of
unpaired electrons was estimated to be 7.5 x 10" per milli-
gram of sample (see the Supporting Information for full de-
tails), which corresponds to 1.25 x 102 umol radical per
milligram of sample.

The radical-functionalized AuNP were also character-
ized through X-ray photoelectron spectroscopy (XPS) and
the results were compared to those of the starting material
Staudinger-AuNP (Figure S7 in the Supporting Informa-
tion).>* High-resolution scans of the C 1s and of the P 2p
corelines provide evidence of successful interfacial reactivi-
ty and allowed the amount of radical introduced onto the
surface of the nanoparticle to be estimated. The C 1s peak
after interfacial Staudinger-Bertozzi ligation showed a sig-
nificant decrease in the component at 289.30 eV related to
the carbonyl of the methyl ester functionality and a marked
increase of the component at 288.00 eV due to the newly
formed amide bonds between the methyl-2-(diphenylphos-
phino)benzoate and the azide-substituted nitronyl nitrox-
ide radical. The P 2p coreline showed a marked increase in
the triphenylphosphine oxide component. From the inte-
gration of the active triphenylphosphine component at
131.65 eV and the triphenylphosphine oxide component at
132.55 eV we calculated formation of 31% oxidized triphen-
ylphosphine, taking into consideration that there is 10%
phosphine oxide in the starting AuNP. Assuming that every
moiety results from interfacial Staudinger-Bertozzi ligation
with the radical, this percentage would correspond to ap-
proximately 0.133 pmol radical per milligram of nanoparti-
cles. This number is different than the value calculated by
EPR. The additional phosphine oxide arises from competing
reactivity of the nitronyl nitroxide radical 5 with the
Staudinger AuNP, to give imino nitroxide 7 in solution,
which is removed through washing. This explains the ex-
cess phosphine oxide observed through XPS. However, EPR
spectroscopy confirmed unambiguously that the ligated
radical is a nitronyl nitroxide.

An important control experiment to verify the correct
interfacial reactivity between Staudinger-AuNP and radical
5 and the absence of unspecific binding was also per-
formed. For this experiment, radical 5 was stirred for 48 h
in CH,Cl, with triethylene glycol-monomethyl ether AuNP
starting material (TEG-AuNP) that does not possess the in-
terfacial methyl-2-(diphenylphosphino)benzoate moieties.
Because of the absence of unspecific interaction between
the radicals and the nanoparticles, the solubility properties
of the TEG-AuNP did not change and, therefore, it was nec-
essary to adopt a different cleaning procedure. The excess
radical was removed by forming a AuNP film inside a
round-bottom flask from CH,Cl,, and washing with hex-
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anes. Remaining traces of radical were removed by dissolv-
ing the TEG-AuNP in water and by filtering the insoluble
radical through glass-wool. The successful removal of the
azide-functionalized nitronyl nitroxide radical was moni-
tored by IR spectroscopy as before (Figure S8 in the Sup-
porting Information). The EPR spectrum of the control ex-
periment carried out using these nanoparticles (Figure S9
in the Supporting Information) showed, as expected, no sig-
nal, and thus we can conclude that the azide-functionalized
radical reacts selectively with the triphenylphosphine moi-
ety through Staudinger-Bertozzi ligation, and that there are
no radicals bound to AuNP through any other bonding
modes.

In conclusion, we have demonstrated the straightfor-
ward synthesis of the first azide-substituted nitronyl ni-
troxide radical. The reactivity of this radical with modified
triphenylphosphines for use in Staudinger-Bertozzi ligation
was also examined. The reactivity of the radical differed be-
tween the nanoparticle system (AuNP) and a small mole-
cule model system. Whereas in the model system, forma-
tion of an imino nitroxide was observed as the major prod-
uct, we were able to observe the expected ligation product
between the azide-functionalized nitronyl nitroxide and
Staudinger-Bertozzi AuNP. The combination of EPR spec-
troscopy and XPS allowed us to demonstrate successful in-
terfacial reactivity and to estimate the number of nitronyl
nitroxide radicals that were present in the nanoparticle
sample. Furthermore, we believe that the approach de-
scribed here can be easily transposed to other nanomateri-
als with potential application, for example, as solid-sup-
ported catalysts, contrasting agents, and spin-labels.
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